Abstract-In this paper, we address the power allocation problem for a decode and forward relay (DF) system, where a massive multiple-input-multiple-output (mMIMO) multi-carrier (MC) base station (BS) node communicates with a MC single antenna node directly and also through the single antenna full duplex (FD) MC relay, using rate splitting (RS) approach. Successive interference cancellation approach is adopted at the destination. We consider orthogonal frequency division multiplexing (OFDM) as our MC strategy. We take into account the impact of hardware distortions resulting in residual selfinterference and inter-carrier leakage (ICL), and also imperfect channel state information (CSI). We formulate a joint sub-carrier and power allocation problem to maximize the total sum rate. An iterative optimization method is proposed, which follows successive inner approximation (SIA) framework to reach the convergence point that satisfies the Karush-Kuhn-Tucker (KKT) conditions. Numerical results show the significance of distortionaware design for such systems, and also the significant gain in terms of sum rate compared to its half duplex (HD) and also non-rate splitting scheme.
I. INTRODUCTION
In 5G systems, full duplex (FD) and massive MIMO (mMIMO) are considered as two promising technologies to overcome capacity crunch and spectrum scarcity. Simultaneous transmission and reception at the same frequency-time channel in FD systems improve the spectral efficiency compared to current half duplex wireless systems [1] , where the transmission and reception are separated either in time or frequency. The main challenge for such systems is to suppress the strong interference received from its own transmitter. Recently, some studies have been conducted in this regard [2] - [4] and various techniques [5] - [8] were developed in order to mitigate this self-interference. Removing the known transmitted signal from the received ones is the key idea for self-interference cancellation. This is challenging due to the imperfect transmitter/receiver chain components, aging of the components, imperfect knowledge of the self interference channel, etc.
A large number of antennas are equipped in an mMIMO communication system which improve the spectral efficiency and energy efficiency using large spatial diversity as well as beamforming techniques. On the other hand, the hardware cost for such a system becomes expensive due to the large number of antenna arrays requirements. In order to reduce the cost, the inexpensive or less efficient transmitter/receiver chain components such as low-resolution ADC, DAC [9] , lowcost power amplifiers are preferred. More hardware distortions are introduced to the system because of these less efficient components and their aging over time. In particular, for an FD MC system these non-linear hardware distortions lead to ICL. Even if one of the subcarriers is employed with a high-power transmission will introduce a higher residual selfinterference in all of the subcarrier channels. So, in an FD mMIMO system, it is important to have a distortion-aware design which considers the impact of distortions due to the hardware impairments.
FD relay has gained its attention for its improved spectral efficiency compared to the HD case due to the simultaneous transmission and reception capability [10] - [14] and also reduces the overall latency of the relay communication [15] . The resource allocation problem for an FD MC system is addressed in [16] - [18] , where single antenna transceivers without hardware impairments are considered. In [13] , [19] , an alternating quadratic convex program is proposed to solve the resource allocation problem of FD MC MIMO transceiver system with hardware distortions taken in to account. The resouce allocation problem for FD mMIMO communication system have been studied in [14] , [20] - [24] . In [14] , [22] , the resouce allocation is addresed FD massive MIMO relay with consideration of hardware distortion as well as imperfect CSI, but for a single carrier system. For the above works on FD mMIMO relay system, the direct link is not considered. In [13] , the the direct link is considered as interference. In order to make use of the direct link to improve the spectral efficiency using RS can be implemented with an successive interference cancellation techniques at the receiver. RS approaches are used in different scenarios to improve the overall system performance [25] - [27] .
In this paper, we investigate a downlink communication between an mMIMO transceiver base-station and an HD single antenna user node, where the BS node uses RS approach to communicate to the user through direct link as well as relay link. The relay is a single antenna FD node and the single antenna destination node uses successive interference cancellation techniques to process the received signal. We take into account the residual interference due to the impact of hardware distortions, ICL and imperfect CSI. In Section II, we model the operation of an OFDM relay communication system and formulate the impact of imperfect CSI as well as the impact of hardware distortions. In Section III, we formulate an optimization problem for joint subcarrier and power allocation to maximize the system sum-rate, which belongs into the class of smooth difference-of-convex (DC) optimization problems. We propose an iterative optimization solution using SIA framework, which converges to a point that satisfies KKT conditions. In Section IV, using numerical simulations, we evaluate the performance of our proposed algorithms. It is observed that, for high SNR scenarios, rate splitting approach performs better compared to non-rate splitting, and half duplex schemes. In section V, we summarize our main results.
A. Mathematical Notation
Throughout this paper, we denote the vectors and matrices by lower-case and upper-case bold letters, respectively. We use E{.}, Tr(.), (.) −1 , (.) * , (.) T , and (.) H for mathematical expectation, trace, inverse, conjugate, transpose, and Hermitian transpose, respectively. We use diag(.) for the diag operator, which returns a diagonal matrix by setting off-diagonal elements to zero. We denote an all-zero matrix of size m × n by 0 m×n . We represent the Euclidean norm as . 2 . We denote the set of real, positive real, and complex numbers as R, R + , and C respectively. We use |.| for the cardinality of a set.
II. SYSTEM MODEL We consider a downlink communication between an mMIMO FD BS with a FD single antenna user node through a direct channel and also through a relay channel. The BS uses RS approach to communicate with the destination directly, and also using a single antenna FD relay. In other words, two messages s d,d and s d,r destined to a user are precoded separately and superimposed with different power levels, and are then transmitted to destination simultaneously through a direct link (DL) and relay link (RL) respectively. In practical scenarios, the relay can be considered as an inactive user node which can be used to relay information to another user. Thereby, the overall spectral efficiency of the system can be increased. Since, we consider the DF relay to be FD, it can receive and transmit the signal simultaneously with a small processing delay. In this work, we assume the processing delay to be negligible.
Let N BS be the number of transmit antennas at the BS node. We denote the index set of all subcarriers by K. Furthermore, h k sr and h k sd ∈ C 1×NBS represent the k-th subcarrier channel from the BS to relay and destination, respectively. The self interference channel of the relay is denoted by h k rr . In this work, we assume all the channels are constant for each frame, frequency-flat in each subcarrier and only the imperfect CSI is known. We consider similar channel error model used in [28] , [29] , where the true channel can be decomposed into the estimated channel and estimation error. The channel error model can be expressed as
where h k X and h k X represents the estimated channel and channel estimation error for the k subcarrier. The entries of channel estimation error h k X are independent and identically distributed (i.i.d.) complex Gaussian with zero mean and variance (σ k e,X ) 2 . We assume the estimated channel and estimation error become statistically uncorrelated, for example, by considering the minimum mean square error (MMSE) channel estimation strategy at the relay and destination.
The source symbol from the BS to the user using k-th subcarrier through DL can be represented as s
1 denotes the source symbol from the BS through RL using k-th subcarrier. We assume the symbols are i.i.d. with unit power, i.e. E{s
√ p sd,k represent the transmit precoders at the BS for the destination and relay, respectively, v k s,r and v k s,d denote the normalised transmit precoders. The transmit power dedicated to the relay and destination nodes are p sr,k and p sd,k , respectively. The total available transmit power at the source and relay can be represented as P s and P r , respectively. The transmit signal from the source can be written as Correspondingly, the transmit and received signal at the relay node can be expressed as
where e k t,r and e k r,r are the transmitter and receiver distortion at the relay node, respectively, and n
2 is the noise at the relay. The intended transmit and received signal at the relay can be represented as x k r and y k r , respectively. The signal, which is obtained after applying SIC to the received signal (removing the known part of the transmitted signal), can be expressed as
Furthermore, the received signal at the destination can be obtained as
where e k r,d and y k d are the receiver distortion and the intended received signal at the destination, respectively.
Based on [30] - [33] , the inaccuracy of hardware components on transmit and receive chain such as ADC and DAC error, noises caused by power amplifiers, AGC and oscillator are jointly modeled for FD MIMO transceiver in [34] , [35] . It has been observed that the distortion terms are proportional to the intensity of the intended signals. In this work, our MC strategy is OFDM. Therefore, we characterize the impact of these hardware distortions in the frequency domain as in [19] :
Lemma II.1. Let's define x m l and y m l as the intended transmit and receive signal via m-th subcarrier at the l-th transmit/receive chain. The impact of hardware distortions in the frequency domain is characterized as
transforming the statistical independence, as well as the proportional variance properties from the time domain. Here, K represents the total number of subcarriers. The κ l and β l correspond to the transmit and receive distortion coefficientsat the l-th transmit/receive chain.
Proof. Please refer to the appendix of [19] .
In this work, we use a similar model for the transmit and receiver distortions as that of [13] , [19] . The statistics of the distortion terms can be obtained as
e k r,r ∼ CN 0,
where κ r , β r represents the transmit and receiver distortion coefficient of the relay. The receiver distortion of the destination is given by κ s . The diagonal matrices Θ t,s consist of transmit distortion coefficients for the corresponding chains at the source node. Let's define κ r = (8), (9), (10) , and (11) explicitly indicate the impact of the ICL, i.e., the distortion signal variance at each subcarrier is associated to the total distortion power at the corresponding chain.
By employing Lemma II.1, and equations (8), (9), (10) , and (11) on (4), the covariance of received collective interferenceplus-noise signal at the relay can be formulated as
Since the transmit and receive distortion coefficients κ and β lie within the range of 0 and 1 and mostly have very small values, the higher order terms of the transmit and receive distortion are ignored. In the above equation (12), the first two terms correspond to the co-channel interference. The next two terms relate to the self-interference at the relay. The fifth and sixth terms correspond to the transmit distortion at the source. The next term represents the receiver distortion at the relay. The last term is the thermal noise at the relay. At the destination node, the received signal is processed in two phase using successive interference cancellation technique. In the first phase, the received signal from the source is considered as interference while considering the strong received signal from the relay as desired signal. In the second phase, as the received signal from the relay becomes known, this part can be removed from the received signal which in turn reduces the total interference. The covariance of received collective interference-plus-noise signal at the destination for the first phase can be expressed as
Here the first two terms in the above equation (13), represent the co-channel interference. The next two terms corresponds the the relay transmit distortion at the destination. The third and forth terms represent the source transmit distortion at the destination. The next term correspond to the receive distortion at the destination. The last term is the thermal noise at the destination. For the second phase, the signal from the relay is known and it can be removed from the received signal. The signal from the source to destination becomes the desired signal. The covariance of received collective interference-plus-noise signal at the destination for the second phase can be obtained as
A. Achievable information rate
The achievable information rate for the source to relay link using subcarrier k can be obtained as
and δ km = 1 when k = m and otherwise δ km = 0. Similarly, the achievable information rate for the relay to destination link using subcarrier k can be expressed as
where
Finally, the achievable information rate for the source to destination link using subcarrier k can be formulated as
In this work, we consider that the source node or BS has a large antenna array. Therefore, different well-studied linear precoder-decoder filtering strategies, such as, maximum ratio transmission/maximum ratio combining (MRT/MRC), zero forcing (ZF), MMSE and so on, are available for the selection of transmit precoders and receive decoders at the source. We can also reduce some computational complexity to obtain the achievable rates if we assume some common assumptions from mMIMO studies on the channel covariance matrices such as Hermitian, Teoplitz, etc., as discussed in [14] . Now, the total achievable information rate for the system can be written as
III. OPTIMIZATION PROBLEM
In this section, we present the joint sub-carrier and power allocation optimization problem to maximize spectral efficiency in terms of total sum-rate under transmit power constraints. The node is not transmitting or receiving in particular subcarrier if the power allocated to a particular sub-carrier is zero, thereby in-cooperating the sub-carrier allocation into the power allocation problem.
A. Sum Rate Maximization
The sum rate maximization problem for our system can be expressed as
where P s and P r are the available transmit power at the source node and the relay, respectively. The above optimization problem can be rewritten as
The above optimization problem (29) belongs to the class of smooth difference-of-convex optimization problems. We propose an iterative algorithm which reaches a converging point that satisfies the KKT optimality conditions using the SIA framework [36] . Now, we use Taylor's approximation on the concave terms of rate to obtain a lower bound. For the approximation, we first select p 
Similarly, after applying Taylor's approximation, the lower bound of R 
respectively. Using this approximation, we can rewrite the optimization problem as
Here, the objective of the above convex optimization problem , where ρ si is the selfinterference channel strength, and K R is the Rician coefficient. The overall system performance is then averaged over 100 channel realizations. During our simulations, the following values are used to define the default setup: |K| = 4 , K RBS = 10 N BS = 32, ρ = ρ sr = ρ rd = −10dB, In Fig. 2 , the performance of our proposed algorithm is plotted in terms of total sum rate, for different values of noise at the destination and relay (σ 2 n ). As we expect, the sum rate decreases as the noise increases, i.e., lower sum rate for higher noise values. It is clear that the proposed algorithm outperforms all the other benchmarks.
In Fig. 2 , the performance of the algorithm 1 in terms of system sum rate is evaluated against the strength of the DL. It can be clearly observed that as the strength of DL increases, the system performance increase. While for higher ρ sd , our proposed algorithm performs worse compared to ODL case. This is because, destination assumes that the signal received from the relay link is strong, and tries to decode the relay link first in successive interference cancellation method with strong interference from DL.
V. CONCLUSIONS
In this paper, we addressed a joint sub-carrier and power allocation problem for a DF system, where a full duplex (FD) massive multiple-input-multiple-output (mMIMO) multicarrier (MC) base station (BS) node communicates with a FD MC single antenna node using direct link as well as relay link utilizing the RS approach. The destination employs a successive interference cancellation approach to decode the received signals. For modelling the system, the impact of hardware distortions resulting in residual self-interference and ICL, and also imperfect CSI are considered. An iterative optimization method is proposed, to solve joint sub-carrier and power allocation problem to maximize the total sum rate maximization, which follows successive inner approximation (SIA) framework to reach the convergence point that satisfies the KKT conditions. Numerical results show that our rate splitting approach performs better compared to non-rate splitting, and half duplex schemes, especially for high SNR scenarios as well as for weak direct link.
